Properties of the ferroelectric visible light absorbing semiconductors:
  Sn$_2$P$_2$S$_6$ and Sn$_2$P$_2$Se$_6$ by Li, Yuwei & Singh, David J.
Properties of the ferroelectric visible light absorbing semiconductors: Sn2P2S6 and
Sn2P2Se6
Yuwei Li and David J. Singh∗
Department of Physics and Astronomy, University of Missouri, Columbia, MO 65211-7010 USA
(Dated: September 19, 2018)
Ferroelectrics with suitable band gaps have recently attracted attention as candidate solar ab-
sorbing materials for photovoltaics. The inversion symmetry breaking may promote the separation
of photo-excited carriers and allow voltages higher than the band gap. However, these effects are
not fully understood, in part because of a lack of suitable model systems for studying these effects
in detail. Here, we report properties of ferroelectric Sn2P2S6 and Sn2P2Se6 using first principles
calculations. Results are given for the electronic structure, carrier pocket shapes, optical absorption
and transport. We find indirect band gaps of 2.20 eV and 1.55 eV, respectively, and favorable band
structures for carrier transport, including both holes and electrons. Strong absorption is found
above the direct gaps of 2.43 eV and 1.76 eV. Thus these compounds may serve as useful model
systems for understanding photovoltaic effects in ferroelectric semiconductors.
I. INTRODUCTION
In conventional photovoltaic (PV) devices,
electron−hole pairs are created by light absorption
and separated by the electric field in a depletion region.
The voltage is limited by the band gap. Generally,
large band gap photovoltaic devices, which can have
relatively high voltage, have lower efficiency because
of lower visible light absorption. Ferroelectric photo-
voltaic devices1 have been reported since 1962. The
photovoltaic charge separation mechanism is apparently
different from conventional photovoltaics and the voltage
can be significantly higher than the band gap2,3. For
example, in BiFeO3
4 the origin of photovoltaic effect
was discussed in terms of electron-hole separation at
ferroelectric domain walls. Thus it is claimed that
inversion symmetry breaking in ferroelectric materials
associated with the spontaneous polarization produces
an asymmetry that promotes the separation of photo-
excited carriers and allows voltages higher than the
band gap. The implication of these higher voltages, if
not compensated by other losses, is that useful devices
with properties distinct from conventional p-n junction
solar cells may be possible. However, questions remain,
for example, whether the voltage can be maintained in
a long duration steady state.
We also note that independent of the charge separa-
tion mechanism, high defect tolerance is beneficial in so-
lar absorbers. High dielectric constant is one mechanism
for obtaining high defect tolerance, favorable for carrier
collection, similar to high dielectric constant radiation
detection and energy materials, where the high dielectric
constant screens traps and reduces carrier scattering.5–7
Clearly, photovoltaic effects in ferroelectric materi-
als have attracted considerable recent attention both
to understand these effects and because of potential
applications2,8–11. However, this has been impeded by
the lack of good well characterized ordered ferroelectric
semiconductor materials having band gaps in the visible
or near infrared that could be used in studies to under-
stand ferroelectric PV effects and the performance that
can be obtained from them.
Here we report detailed investigation of the electronic,
optical and related properties of two Sn chalcogenide
semiconductor ferroelectrics Sn2P2S6 and Sn2P2Se6 with
band gaps in in the visible or near infrared range that
may be useful in this context. Prior work on Sn2P2S6 has
focused mainly on ferroelectric properties, photorefrac-
tion, possible memory applications, and characterization
of the absorption edges in relation to ferroelectricity12–30.
Sn2P2Se6 has been less studied, but again band edges and
ferroelectric properties have been characterized.20,31–33.
The ferroelectric ordering temperatures are T c = 337 K,
and 193 K, for the sulfide and selenide, respectively.
Sn2P2S6 and Sn2P2Se6 are known ferroelectric materi-
als. Also, they are stoichiometric compounds, as distinct
from alloys or superlattice structures. This removes the
difficulty of growing and studying superlattices or compli-
cations from alloys, and therefore may facilitate detailed
investigation of ferroelectric PV phenomena, as well as
comparison of experimental theoretical results for the
materials properties of importance for PV application.
They also have sizable polarization. The polarization
of Sn2P2Se6 from hysteresis loop measurements is ∼35
µC/cm2 at low temperature,19 which is comparable to
BaTiO3 (34 µC/cm
2, in the low T rhombohedral phase).
The ferroelectric ordering phase transition has been char-
acterized as second order and the ordering temperature
decreases, from its value in the ambient pressure sulfide
compound, Se alloying and also with pressure.19,34,35 The
decrease with Se alloying is potentially significant as it
would allow one to make ferroelectric samples with dif-
ferent ordering temperatures to characterize for example
the effect of proximity to the phase transition on the PV
properties. Importantly, these are ordered compounds
that have been made as single crystals, which may fa-
cilite characterization and understanding of the interplay
of ferroelectricity and PV properties.
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2II. STRUCTURES AND METHODS
Here we report calculated electronic structures, trans-
port and optical properties. Our first principles cal-
culations were performed using the linearized aug-
mented planewave (LAPW)36 method as implemented
in WIEN2k code.37 We used LAPW sphere radii of 2.50
Bohr, 1.85 Bohr and 1.95 Bohr for Sn, P and S in Sn2P2S6
and 2.50 Bohr, 1.86 Bohr and 2.28 Bohr for Sn, P and Se
in Sn2P2S6, respectively. A basis set cut-off, kmax, set
by the criterion Rminkmax = 9.0 was used, where Rmin
is the P sphere radius. The experimental lattice param-
eters are a = 6.529 A˚, b = 7.485 A˚, c = 11.317 A˚ and β
= 124.11◦ for Pc-Sn2P2S6,38 and a = 6.815 A˚, b = 7.717
A˚, c = 11.694 A˚ and β = 124.549◦ for Pc-Sn2P2Se639.
Note that these are pseudo-orthorhombic structures since
a and a+c are very nearly orthogonal (angle of ∼ 89◦ in
both compounds).
We fixed the lattice parameters to experimental val-
ues and relaxed the internal atomic coordinates using
the Perdew, Burke and Ernzerhof generalized gradient
approximation (PBE-GGA). This resulting structure is
polar as in experiment. Following the structure opti-
mization, we did electronic structure and optical calcu-
lations using the modified Becke-Johnson type potential
of Tran and Blaha, denoted TB-mBJ in the following.40
This potential gives band gaps in remarkably good ac-
cord with experiment for a wide variety of simple semi-
conductors and insulators.40–44. However, it should be
noted that the TB-mBJ functional has been shown to
disagree with many body calculations for band widths
in several cases.45 We did calculations to cross-check of
TB-mBJ results using the VASP code with the hybrid
HSE06 functional.46,47 A comparison of TB-mBJ and
HSE band structures and densities of states is given in
Fig. 1. As shown, we find very good agreement in the
present case. The most significant difference are in the
conduction bands, where the density of states is slightly
broader near the band edge for the HSE calculation. One
may also note a difference in the valence band width, al-
though this is less significant for the present study since
the shape within ∼2 eV of the band edge is very much
the same.
Spin-orbit coupling (SOC) was included in all TB-mBJ
electronic structures and optical property calculations
that follow, although the effects are small as may be seen
from the small spin orbit splittings in the TB-mBJ band
structures (note that the HSE results do not include spin
orbit). Transport coefficients were obtained using the
BoltzTrap code.48
III. ELECTRONIC STRUCTURES AND
OPTICAL ABSORPTION
We begin with the electronic structures of Sn2P2S6
and Sn2P2Se6. Fig. 1 shows the band structures, and
the Brillouin zones with high symmetry points and the
carrier pockets are shown in Fig. 2. Both compounds are
indirect gap materials. The band gaps of Sn2P2S6 and
Sn2P2Se6 are 2.20 eV and 1.55 eV respectively. The va-
lence band maxima (VBM) are between Γ and Y points
and the conduction band minima (CBM) are between
a and b points. The direct band gaps of Sn2P2S6 and
Sn2P2Se6 are 2.43 eV and 1.76 eV respectively. We
find strong optical absorption in Sn2P2S6 for short wave-
length visible light (∼ λ < 560 nm) and in Sn2P2Se6 for
the visible range, as seen in the Fig. 3 (a) and (b). This
starts at the absorption edges of 2.40 eV and 1.75 eV, for
the sulfide and selenide, respectively.
It is to be noted that in general direct gap semicon-
ductors are preferred in PV applications as the voltage is
limited by the fundamental indirect gap. However, pho-
tons with energies above the indirect gap but below the
direct gap are typically lost due to insufficient absorption
leading to reduced efficiency (Si PV cells are an excep-
tion). In the present context, the difference between the
direct and indirect gaps is not large, and therefore in an
actual PV application only a small loss in efficiency due
to the indirect gap would be expected, and this might
be compensated by reduced electron-hole recombination,
also as a result of the indirect nature of the gap.
As mentioned, there have been a number of experi-
mental studies of the absorption at the band edges of
these compounds. We compare the experimental band
gaps at low temperature with our calculated results in
Table I. Reasonable agreement is found. Turning to the
region above the band edge, Gamernyk and co-workers17
reported photoconductivity and photoluminescence spec-
tra for Sn2P2S6 crystals up to 3.5 eV. Both spectra show
structures at ∼ 2.7 eV, ∼3.0 eV and ∼3.4 eV. Our ab-
sorption spectrum for Sn2P2S6 also shows three main fea-
tures between the onset ant 4 eV. These are a peak at
2.6 eV, a broader peak (with substructure) at ∼ 3 eV
and another broad peak, again with substructure at ∼
3.5 eV, in close correspondence with the features in the
experimental spectra.
The projected densities of states (pDOS), shown in Fig.
4, indicate the VBM of Sn2P2S6 and Sn2P2Se6 are mainly
dominated by S-3p and Se-4p orbitals respectively. Es-
pecially, there are separate energy ranges for Sn-5s/S-
3p and Sn-5s/Se-4p coupling between -7 eV and -6 eV
and between -1 eV and 0 eV. This shows divalent Sn as
expected.50,51 It also shows Sn-5s/S-3p (and Sn-5s/Se-
Table I. Direct/indirect gaps compared with low-temperature
experimental data.
Sn2P2S6 Sn2P2Se6
Direct gap Indirect gap Direct gap Indirect gap
(eV) (eV) (eV) (eV)
Our work 2.43 2.20 1.76 1.55
A. Ruediger21 2.50 - - -
Z. Potu˙cˇek23 2.50 - - -
E. Gerzanich49 ≈2.65 - ≈2.00 -
J. Lipavicˇius32 - - ≈2.10 -
3Figure 1. Calculated band structures (a,b,d,e) and densities of states (c,f) for the two compounds comparing TB-mBJ and
HSE results. Note that the TB-mBJ results include spin-orbit, although as seen the spin-orbit splittings are small. See text
for computational details. In all cases, energy zero is at the valence band maximum.
4p) bonding states between -7 eV and -6 eV and Sn-
5s/S-3p (and Sn-5s/Se-4p) antibonding states between -1
eV and 0 eV. Anti-bonding character at a VBM usually
causes defect tolerant behavior,52,53 i.e., bond breaking
associated with the formation of defect states will pro-
duce shallow rather than deep acceptor levels in the mid-
gap region. This greatly facilitates p-type doping, giving
rise to ambipolar conductivity in photovoltaic materials,
such as chalcopyrites54. Previous research indicates the
feasibly of p-type conductivity for Sn2P2S6
55 and consid-
ering the present results it also seems likely for Sn2P2Se6
with suitable dopants or metal vacancies.
Figure 2. Calculated isoenergy surfaces illustrating the carrier
pockets for Sn2P2S6 (a) and Sn2P2Se6 (b). Blue/green is used
for the n-type isosurface 0.05 eV above CBM and red is used
for the p-type isosurface 0.05 eV below VBM.
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Figure 3. Calculated absorption coefficient for Sn2P2S6 (blue)
and Sn2P2Se6 (red) with normal scale between 0 and 5 eV (a)
and with log scale between 1.5 and 2.75 eV (b). We use very
low broadening to make the features more apparent. These
are 0.02 eV and 0.005 eV, for (a) and (b), respectively. Note
in particular the features near 2.6 eV, 3 eV and 3.5 eV for the
sulfide
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Figure 4. Projected density of states of Sn2P2S6 (a) and
Sn2P2Se6 (b). The VBM is at zero.
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Figure 5. Calculated anisotropic σ/τ of Sn2P2Se6 (a) and
Sn2P2Se6 (b) as a function of carrier concentration n (or p)
at 300 K in xx (red), yy (green) and zz (blue) directions. Solid
lines mean n-type and dash lines mean p-type.
IV. TRANSPORT RELATED PROPERTIES
The calculated anisotropic transport function, σ/τ , of
Sn2P2S6 and Sn2P2Se6 at 300 K is shown in Fig. 5.
Significantly anisotropic n-type and p-type transport is
found. For n-type Sn2P2S6, σ/τ in x and z directions
are similar and both are larger than that in y direction
(the Cartesian directions are x along a, y along b and z
normal to the x and y directions, very close to the pseu-
doorthorhombic lattice direction a+c). The p-type σ/τ
of Sn2P2S6 in z direction is large, even better than n-
type σ/τ for some carrier concentrations. For Sn2P2Se6,
the n-type and p-type σ/τ in all directions are similar,
except the n-type σ/τ in z direction which is larger than
that in other directions. So the electron σ/τ is larger
than the hole σ/τ for Sn2P2S6. The c-axis direction has
the most favorable transport with high σ/τ for both elec-
trons and holes. The effective masses of them have the
same anisotropic characteristics with transport proper-
ties as seen in the Table II. The relatively low m∗e and
m∗h suggest reasonable carrier transport.
n/p-type Sn2P2S6 and Sn2P2Se6 have remarkably
good σ/τ for materials with complex crystal structures.
As can be seen from the parabolic band expression σ/τ
∝ n/m∗, the origin of the good σ/τ for Sn2P2S6 and
Sn2P2Se6 can be understood in terms of the detailed
band structure. For p-type Sn2P2S6 and Sn2P2Se6, the
VBM is derived from two bands, which come from the
antibonding coupling of S (or Se) p orbitals with Sn s
orbitals. The antibonding coupling increases the upper
valence band dispersion, as seen in the Fig. 1, decreases
the density of states, as seen in the Fig. 4, and leads
to complex shaped isoenergy surfaces at relatively low
carrier concentrations as depicted in Fig. 2. For n-type
the CBM also comes from dispersive bands and shows
complex shaped isosurfaces even at relatively low carrier
concentrations that consist of elongated sections (pipes)
running along zone edges. These are very far from spheri-
cal carrier pockets. This type of isosurface structure, con-
sisting of cylinders or curved cylinders, is also present in
cubic p-type PbTe56 and n-type SrTiO3
57, which are also
materials that show remarkably good conductivity and
are near ferroelectricity. As discussed for those materials,
this leads to the combination of a relatively light trans-
port effective mass (for conductivity) and heavy density
of states effective mass. In the present case light mass
dominated by the dispersion transverse to the cylinders
Table II. Direction average and and components of the elec-
tron (m∗e) and hole (m
∗
h) transport effective mass, obtained
from the calculated σ/τ at carrier concentration 1018 cm−3.
average xx yy zz
Sn2P2S6
m∗e 0.82 0.50 3.61 0.74
m∗h 0.81 2.86 0.96 0.43
Sn2P2Se6
m∗e 0.71 0.59 1.53 0.54
m∗h 0.69 1.83 0.73 0.41
5enters the conductivity and a heavier mass given by an
average enters the density of states.57–62 The bottom con-
duction band is highly dispersive across the cylinder di-
rections, contributing strongly to the conductivity, and
weakly dispersive along the cylinders, contributing to a
high density of states, and thus joint density of states
favoring strong absorption.
V. DISCUSSION AND CONCLUSIONS
In summary, we report the electronic structures, trans-
port and optical properties of ferroelectric Sn2P2S6 and
Sn2P2Se6 based on first principles calculations. They
have large visible light absorption and band structures,
as seen in the carrier pocket shapes and transport ef-
fective masses, consistent with relatively good transport
properties. Therefore these compounds are useful model
systems for investigating the interplay of ferroelectricity,
photoresponse and charge collection. Besides use for fun-
damental investigation of PV effects in ferroelectrics, it
would also be of interest to investigate them as potential
practical solar absorbers. This is because of the reason-
able band gap, especially for the selenide. While the se-
lenide is not ferroelectric at room temperature, the high
dielectric constant associated with nearness to ferroelec-
tricity and the favorable electronic structure may lead to
high defect tolerance and favorable carrier collection. In
this regard we note that alloys of the sulfide and selenide
have been reported in which Curie temperature can be
tuned to room temperature.35 Investigation of this alloy
may then be useful for studying changes in charge collec-
tion as one passes through a ferroelectric transition near
room temperature. In any case, the present results sug-
gest investigation of crystalline Sn2P2S6 and Sn2P2Se6 in
order to develop understanding of ferroelectric PV effects
in semiconductors.
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